and dizziness. [12] Some studies have linked chronic FA exposure in humans to neurodegenerative diseases. [13] Inhaled FA has also been shown to cause behavioral and memory disorders in rats and has been defined as probably cytotoxic. [14] [15] [16] Long-term exposure to FA from 14 to 30 years may cause irreversible neurotoxicity and was suggested to be related to astrocytoma in the brain. [17] Because neurons have an elevated metabolic rate and high content of oxidizable substrates, neural tissues are highly sensitive to free radical attacks. [18] FA causes oxidative stress by inducing the generation of reactive oxygen species (ROS) and reducing the antioxidant cell defense systems. [19] ROS, including singlet oxygen, hydrogen peroxide, superoxide anion and hydroxyl radical, can be produced as a result of cell aerobic metabolism and inflammation by endogenous sources, or by exposure to a variety of chemical materials like FA or other physical agents. ROS are important mediators of cellular injury and play a putative role in oxidative stress, contributing to a variety of diseases or cases of toxicity such as methanol intoxication as a metabolite of FA. [20, 21] Cell defense mechanisms, which including superoxide dismutase (SOD), and glutathione (GSH) can regulate ROSinitiated oxidative stress. [22] The harmful consequences of membrane peroxidation caused by ROS have enforced investigations on the efficacy and mechanisms of action of biologically relevant antioxidants, particularly naturally occurring ones, including those used as foods and beverages like a black seed from the Ranunculaceae family, Nigella sativa (NS). [19] NS contains more than 30% fixed oil and 0.4-0.45% wt/wt of volatile oil with thymoquinone and monoterpenes. [23] Thymoquinone is the most pharmacologically active ingredient found abundantly in NS black seeds. [24] It is reported that the volatile components of NS such as thymoquinone decreases lipid peroxidation through suppression of reactive oxygen and nitrogen species formation and increases antioxidant defense system activity. [25, 26] NS extracts have bronchodilatator, antibacterial, hypotensive, antidiabetic, gastro-protective, hepatoprotective, antihistaminic, anti-oxidative and neuroprotective effects. [27] [28] [29] [30] The present study was carried out to investigate the antioxidant and protective effects of NS against oxidative stress and neuronal damage induced by FA administration on the frontal lobe of the rat brain, using histological, immunohistochemical and biochemical methods.
Materials and Methods

Animals
Forty healthy male albino rats weighing 250-300 g were utilized in this study. The rats were housed in the animal facility at Faculty of Medicine, Qassim University, Qassim, Saudi Arabia. The experimental protocol was approved by the Ethics Committee of Faculty of Medicine of Alexandria University (approval number: 0302669). The rats were maintained in individual stainless steel cages where temperature (23±1°C), relative humidity (50±10%) and illumination (lights on at 7 AM and off at 9 PM: 14 h light/10 h dark cycle) were automatically controlled. Rats had access to a standard rodent laboratory diet and drinking water.
Plant material
NS seeds were purchased from a local herb store in Qassim, Saudi Arabia. The seeds of NS were crushed, suspended in distilled water and given orally by appropriate gastric tube as daily dose of 180 mg/kg/bw. This dose corresponds to human therapeutic dose of two grams of NS/70 kg man/day. [31] 
Chemicals
Thiobarbituric acid, butylated hydroxyl toludine, reduced glutathione, sodium sulfate, sodium nitrite, epinephrine, naphthy lethyene diaminedihydrochloride, sulphanilamide and 5´,5´-dithiobis-2-nitro-benzoic acid were purchased from Sigma (St. Louis, MO, USA).
Experimental design
The rats were randomly divided into four groups. Each group contained 10 animals; control, FA-treated, NS treated and FA and NS treated. Control rats were given 1 ml/kg/bw distilled water orally daily in the morning for 2 weeks. FA-treated group received intraperitoneal (IP) injection of 10 mg/kg/bw FA daily in the morning for 2 weeks. [32, 33] The rats treated with NS were given a single dose of NS 180 mg/kg/bw daily orally in the morning for 2 weeks. FA and NS treated group were given IP injection of 10 mg/kg/bw FA followed by NS (in a dose of 180 mg/kg/bw) once a day orally for 2 weeks in the morning. Every rat was weighed daily, and the mean weight of each group was calculated at the start and end of the experiment. The animals of all groups were anaesthetized using diethyl ether and then sacrificed. Frontal lobes were excised and divided into two parts. One part was used for histological and immunohistochemical examination and the other for biochemical investigations.
Histological and immunohistochemical analysis
The frontal lobes of each animal were fixed in 10% neutral buffered formaldehyde. Two specimens from each lobe were rinsed with 70% ethanol, dehydrated through graded ethanol series, then cleared in xylene before being embedded in paraffin. Coronal sections at 5 μm thickness were cut, stained with heamatoxylin and eosin, and then examined under the light microscope. Five non-overlapping sections from each specimen were studied.
Endogenous peroxidase activity was blocked by incubating the tissue sections with 3% H2O2 for 30 min, followed by 10% normal goat serum for 1 h at room temperature (RT). Then, rabbit polyclonal anticaspase-3 antibody (1:50; NeoMarkers, Fremont, CA) was applied for 30 min at RT, followed by secondary antibody (Econo Tek biotinylated anti-polyvalent antibody ü, ScyTek laboratories, USA) for 30 min at RT. Sections were then incubated with ABC (Dako labeled streptavidin biotin -LSAB 2) Kit for 20 min. Four drops of diaminobenzedine (DAB) substrate was used as chromogen. Sections were counterstained with hematoxylin, dehydrated through a graded ethanol series, mounted in DAKO paramount and cover-slipped. As negative control, primary antibody (anti-caspase 3 antibody) was replaced with PBS.
The total number of neurons and apoptotic neurons (strong caspase-3 immunoreactive) were counted in five non-overlapping fields in five serial sections under light microscope with the use of a standardized ocular grid (X 400). The apoptotic cell index (ACI = apoptotic cells/total cells) was calculated and used as an indicator of the degree of apoptosis. [34] Results were presented as mean ± SE.
Biochemical analysis
The brain tissue was homogenized in ice-cold 100 mM phosphate buffer (pH 7.4) using potter-Elvehjem homogenizer fitted with a Teflon plunger. Homogenates were centrifuged at 11,000 g for 20 min, and the resulting supernatants were divided into aliquots and stored at -70°C
. Lipid peroxide (LPO) levels were measured as thiobarbituric acid reactivities. [35] Nitric oxide (NO) level was determined as total nitrite after deproteinization with ZnSO4 (30%), and reduction by cadmium in presence of NH4Cl and sodium borate. Color developed by reaction with Griessreagen was recorded at 550 nm against reagent blank using sodium nitrite 10-100 uM as standard. [36] SOD activity was determined according to its ability to inhibit auto-oxidation of epinephrine at alkaline medium. [37] GSH concentration was determined chemically as described by Dutta et al. [38] 
Statistical analysis
The results were expressed as mean ± standard error (SE). Differences between groups were assessed by oneway analysis of variance, ANOVA, using the Prism version 5 software packages for Windows. Measurements were considered statistically significant when probability was less than 0.05 (p<0.05).
Results
The mean weights of the rats of different groups are shown in Figure 1 . A significant increase was found in the weight of the rats in the control, NS treated, and FA and NS treated groups at the end of the experiment compared with their weight at the beginning of the experiment. However, in the FA-treated group, the weight of the rats significantly decreased at the end of the experiment compared with their weight at the beginning of the experiment.
Examination of the heamatoxylin and eosin stained sections of the frontal cortex in the control group showed normal histological features such as normal cellularity, normal appearance of neurons with their large nuclei and dispersed chromatin. The cytoplasm appeared basophilic (Figure 2 ). In the NS treated group, the sections of the frontal cortex were similar to the control group (Figure 3) . In the FA-treated group, the most consistent findings were severe neurodegenerative changes including irregular outline of the neuronal perikarya, shrunken and deeply acidophilic cytoplasm (red neurons), and extensively dark pyknotic nuclei (Figure 4) . There was focal perivascular inflammatory reaction infiltrating the cerebral cortex ( Figure 5 ). In the NS and FA-treated group, the intensity of neuronal changes was less than in the FA-treated group; the darkly stained nuclei and the distorted nerve cells were reduced markedly. The severity of degenerative changes in the cytoplasm of the cells was less than that of the FAtreated group (Figure 6) .
In immunohistochemical examination, no caspase-3 immunoreactivity was observed in the nuclei of the neurons in control rats (Figure 7) . Apoptotic neurons were stained positively with caspase-3 in FA-treated rats. Caspase-3 immunoreactivity increased in degenerating neurons of the frontal cortex tissues following FA exposure (Figure 8) . In the FA and NS treated group, there was a marked reduction in the apoptotic neurons indicated by marked decrease of caspase-3 immunoreactivity (Figure 9 ).
Apoptotic cell index increased significantly in FAtreated rats compared to control, while it decreased significantly in FA and NS treated group in frontal cortex tissues compared to FA-treated rats. The number of apoptotic neurons and apoptotic cell index in the frontal cortex of all studied groups are shown in Table 1 .
Mean levels of LPO, NO, GSH and SOD in the brain tissues were shown in Figure 10 . LPO level in the FAtreated group increased significantly in comparison with control group. However, LPO in the FA+NS treated group showed a significant reduction compared to the FAtreated group. NO and GSH levels of the FA-treated group decreased significantly in comparison to the con- 
Discussion
FA is a toxic substance classified as a carcinogen in humans by the Cancer Research Center. [39] It causes production of oxygen radicals after entering the organism that leads to inflammation and apoptosis of most of the body cells. [40] The present study was carried out to evaluate the histological changes in the frontal cortex of the rats and the oxidative damage caused by FA and the possible protective effect of NS. Neurocytoxicity mechanisms of FA have not been revealed understood; they are assumed to be mediated by increased ROS through the activation of free radical producing enzymes and the inhibition of free radical scavenger systems. [33] Acute FA administration at low concentrations stimulates the central nervous system activity, but in contrast, depresses when applied in higher concentrations. [41] Lu et al. [16] and Kanter et al. [33] found that rats that were systemically exposed to FA had several behavioral disorders. In agreement with these reports, the present study observed that there was significant decrease of the weight in the FA-treated rats. Solomons and Cochrane [12] showed that FA causes anorexia, and this may explain the decrease in the weight of the rats treated with FA in our study. The brain requires very high amounts of oxygen per unit weight and has a high content of easily peroxidizable unsaturated fatty acids, making it susceptible to free radical damage. With the toxic effect of FA or its derivatives, ROS attack membrane-associated polyunsaturated fatty acids that results in lipid peroxidation in the cell membrane resulting in impaired cellular function and necrosis. [42] In the current study, FA caused severe neurodegenerative changes, shrunken and deeply acidophilic cytoplasm and extensively dark pyknotic nuclei in frontal cortex neurons. There was also a perivascular inflammatory reaction infiltrating the cerebral cortex parenchyma. The number of apoptotic neurons and the apoptotic cell index increased significantly in FA-treated rats compared to controls. This observation is in agreement with the finding of Zhang et al. [40] and Kanter. [33] Datta and Namasivayam [42] and Farooqui et al. [43] suggested that FA exposure in experimental animals has a negative impact on the antioxidant system; impaired antioxidant enzyme activity causes ROS-induced membrane lipid and protein oxidation leading to delayed apoptotic/necrotic cell death. [40, [42] [43] [44] The current study revealed a significant increase in the levels of LPO in the brain tissue in FA-treated rats compared to the control group. Similar findings were observed in rats treated with lead acetate. [45, 46] NO is synthesized predominantly in the vascular endothelium. [47] Endothelial nitric oxide synthase (eNOS) is required for the synthesis of NO from L-argi- nine. There are two other isoforms of NOS, namely, neuronal nitric oxide synthase (nNOS) and inducible nitric oxide synthase (iNOS). NO is small in size and lipophilic by nature, allowing it to diffuse rapidly through cell membranes to adjacent smooth muscle cells. Generation of ROS such as superoxide anions oxidizes membrane lipids, proteins, and nucleic acids. Superoxide anions reduce NO bioavailability by binding to the gaseous molecule and forming the free radical peroxy nitrite. In the present study, the levels of NO were significantly lower in the brain tissue of FA-treated rats than in controls. Similarly, Bannet et al. [46] found significant reduction in the levels of NO in rats exposed to heavy metals in drinking water for 10 months which caused an increase in ROS.
Natural defense mechanisms, such as antioxidant enzymes widely distributed in the organism neutralize the deleterious effects of oxidative stress. SOD and GSH are two antioxidant substances widely distributed in the organism, so they are measured as a reference for the damage degree of tissue lipid peroxidation. [48, 49] GSH helps in detoxification and excretion of toxic compounds. [50] GSH directly interacts ROS or is involved in enzymatic detoxification reactions for ROS as a co-factor. [51] In the current study, GSH levels significantly decreased in the brain tissue of FA-treated rats, com- pared to controls. Similar to our study, Saxena and Flora [52] reported that a pronounced depletion of rat brain GSH contents were correlated with an increased uptake of toxic heavy metals.
NS is well known for its strong antioxidant properties. [53] Pretreatment with thymoquinone, the main active constituents in NS, protects organs against oxidative damage induced by a variety of free radical generating agents. [54] The free radical scavenging effects of thymoquinone, dithymoquinone, and thymol were tested against several ROS.
[55] Hosseinzadeh et al. [25] and AlOmar et al. [56] reported that thymoquinone prevents membrane lipid peroxidation and protects rats against transient forebrain ischemia-induced damage in the rat hippocampus.
The present study investigated the effects of NS, as a potent antioxidant and free radical scavenger, on FAinduced neuronal injury and oxidative stress in the rat frontal cortex. The histological and immunohistochemical results of this study show that NS has a protective effect against FA-induced neuronal damage. The number of apoptotic neurons and the apoptotic cell index decreased significantly in FA and NS treated group com- pared to FA-treated rats. The intensity of neurodegenerative changes was less than that in the FA-treated group. The number of darkly stained nuclei and distorted nerve cells reduced markedly with NS treatment. The severity of degenerative changes in the cytoplasm of the cells in NS and FA-treated group was less than that in the FAtreated group. This is in agreement with the results of Kanter [33] who reported protective effects of NS oil extract on FA-induced neuronal injury.
In our study, there was significant decrease in the levels of LPO in the brain tissue homogenate of FA and NS treated rats compared to FA-treated rats. Moreover, the level of NO increased significantly in the frontal lobe of the NS and FA-treated group compared to FA-treated rats. This is in agreement with the study of Ismail et al. [57] who reported that thymoquinone had an inhibitory effect on lipid peroxidation and markedly improved plasma antioxidant status by inhibiting formation of hydroxyl radicals.
In the present study, the levels of GSH were significantly increased in NS and FA-treated group. In agreement with these results, Janero [58] and Sheikh and Mohamadin [59] showed that administration of NS restored the activities of non-enzymatic (GSH and vitamin C) and the enzymatic (SOD, CAT, GPx, and glutathione-S-transferase GST) antioxidants as well as reducing the level of malondialdehyde -the final decomposition product of membranes lipid peroxidation -to normal levels in the rat brain.
SOD is a metalloprotein that accomplishes its antioxidant functions by enzymatically detoxifying the superoxide anion. [57] The present study showed that SOD significantly increased in FA and NS treated group compared to FA-treated group. These results are in agreement with the findings of Sheikh and Mohamadin [59] and Nagi and Mansour [60] who reported a potent superoxide radical scavenging activity of thymoquinone which is as effective as SOD against superoxides.
Conclusion
FA is associated with alterations in several indicators of oxidative stress changes in the frontal cortex of the rat. Administration of NS, an antioxidant and chelator, in FAtreated rats prevented these oxidative damages partially. The findings of the present study suggest that NS protects brain cells against oxidative stress caused by FA. Further investigations are needed for better understanding of the underlying mechanisms on the beneficial effect of NS, the active ingredient of NS causing this effect, as well as its optimum treatment dose and duration in the clinical management of FA-induced neuronal injury.
